I. Introduction
Chemical batteries have often been used when power supply noise is a signifcant problem. It is widely known that chemical batteries provide noise performance that is superior to common regulators and regulated power supplies. It is not, however, widely known exactly what performance can be realized with batteries, and what performance differences exist between battery types. Such knowledge is significant in some applications and yields insight into the fundamental noise processes present in batteries. In this paper, chemical battery noise performance is explored and measurements are presented. The voltage noise and current noise measurement techniques developed in these experiments have very high resolution and may be applied in other similar measurement systems. where k = Boltzmann's constant, T = temperature in kelvin, R = resistance in ohms, h is Planck's constant, f is frequency in Hertz, and AV is the measurement bandwidth.
At low frequencies Johnson noise can be approximated by
This fundamental noise process is dependent only upon temperature and resistance.
Shot Noise
Broadband current noise is found when two conditions are satisfied: (1) the charge carriers are quantized; and (2) the arrival times are random. These conditions cause current fluctuations of magnitude where q is the charge quantization ( in this case the charge of an electron ) in coulombs, I is the bias current in amperes, and AV is the measurement bandwidth in Hertz. Current noise of this type is commonly called shot noise.
Voltage Noise Voltage Noise Measurement System
To see voltage fluctuations in batteries, a measurement system with a resolution of approximately -200 dBV/Hz is required. This was accomplished by the use of two low noise amplifiers and a two channel crosscorrelation technique [3] , shown in Fig. 1 correlation was performed between the two channels.
The crosscorrelation operation
The terms are as labeled in Fig. 1 . caused the noise fiom the independent amplifiers to average to zero as l/& (n = number of averages) revealing the underlying correlated voltage noise fiom the batteries. Two This conclusion suggests that larger capacity batteries, wluch generally have smaller internal resistances, would produce a lower voltage noise. Voltage noise was found to be independent of bias current.
I V . Current Noise
The current noise of a battery is directly related to its voltage noise by Ohm's Law ( s e e Fig. 4) . In our measurements, battery voltage noise was found to be independent of bias current for typical current levels. Thus, the noise in a bias current from a battery is inversely proportional to the load impedance across the battery, i = f . The current noise, then, should be known once the voltage noise is determined.
A battery can be modeled by the circuit in Fig. 4 
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Current Noise Measurement System
To verify the model upon which the previous analyses were made, direct measurements of the current noise in batteries were made with the measurement system shown in Fig. 5 . The transconductance of this circuit is where 2 is the impedance of the circuit inductor, and K is the gain of the non-inverting amplifier. Hz the input noise becomes dominated by power law processes that raise it above that due to the Johnson noise of the input resistors.
To predict accurately the performance of the physical circuit we need to consider the induotive impedance more carefully. A real inductor of 1 H has large parasitic capacitance shown by the transfer function in Fig. 6 . The impedance of our inductor was ideal to approximately 5 kHz. The parallel parasitic capacitance resonated at 13 kHz, and beyond 20 kHz the impedance dropped significantly from ideal.
Replacement of the battery in Fig. 5 with a high impedance current source made possible direct measurement of the system's broad band transconductance, from which the actual inductor impedance was calculated. The input current noise floor of the system is shown in Fig. 7 . As a reference. shot noise for a 1 mA bias current is also plotted. 
1-lo4
1-10' suggested that the actual current noise was up to the system in Fig. 5 
